DST elements are highly conserved sequences located in the 3' untranslated regions (UTRs) of a set of unstable soybean transcripts known as the small auxin-up RNAs (SAURs). To test whether DST sequences could function as mRNA instability determinants in plants, a model system was developed to facilitate the direct measurement of mRNA decay rates in stably transformed cells of tobacco. lnitial experiments established that the chloramphenicol acetyltransferase (CAT) and P-glucuronidase (GUS) transcripts degraded with similar half-lives in this system. In addition, their decay kinetics mirrored the apparent decay kinetics of the corresponding transcripts produced in transgenic plants under the control of a regulated promoter (Cab-I). The model system was then used to measure the decay rates of GUS reporter transcripts containing copies of the DST sequence inserted into the 3'UTR. An unmodified CATgene introduced on the same vector served as the interna1 reference. These experiments and a parallel set utilizing a P-globin reporter gene demonstrated that a synthetic dimer of the DST sequence was sufficient to destabilize both reporter transcripts in stably transformed tobacco cells. The decrease in transcript stability caused by the DST sequences in cultured cells was paralleled by a coordinate decrease in transcript abundance in transgenic tobacco plants. The implications of these resultsfor the potential function of DST sequences within the SAUR transcripts are discussed.
INTRODUCTION
Most studies focusing on the regulation of nuclear genes in plants at the RNA level have concentrated on transcriptional control mechanisms. However, the steady state level of every mRNA is dictated both by its rate of synthesis and by its rate of degradation. Although virtually nothing is known about the mechanisms of mRNA degradation in plants, considerable evidente has been accumulating that indicates that mRNA stability contributes to the control of many plant genes (reviewed in Green, 1993) . Walling et al. (1986) were among the first to emphasize the potential importance of post-transcriptional control of transcript accumulation when they showed that differences in transcription rates measured in isolated nuclei could not fully explain observed differences in mRNA level for a number of genes expressed in soybean embryos. Subsequently, many groups have documented similar discrepancies between nuclear run-on transcription and mRNA levels for a variety of plant genes. Examples include the E77gene of tomato (Lincoln and Fischer, 1988) , the ribulose bisphosphate carboxylase small subunit (rbcS) genes in soybean (Shirley and Meagher, 1990) , and the alcohol dehydrogenase-1 (ADH7) gene of maize (Rowland and Strommer, 1986) . Because differences in mRNA
To whom correspondence should be addressed. stability could clearly account for these discrepancies, this explanation is the most common, albeit not the only interpretation of such data (Thompson and White, 1991) .
Additional evidence for post-transcriptional control that may occur at the level of mRNA stability comes from the finding that several sequences located downstream of transcriptional start sites can affect gene expression. Downstream sequences that function in this manner include the 5'untranslated region (UTR) of the Em gene of wheat (Marcotte et al., 1989) , a 230-bp sequence encoding the 5' UTR and the beginning of the coding region of the fed-7 gene (encoding ferredoxin I) of pea (Dickey et al., 1992) , and the 3' ends of several plant genes (Ingelbrecht et al., 1989) . It is highly likely that at least some of these sequences act as determinants of mRNA stability.
Direct information about mRNA decay rates in plants is quite limited. The average half-life of an mRNA in animal cells is on the order of several hours (Brock and Shapiro, 1983) , and estimates based on experiments done in soybean cells indicate that the half-lives of most plant mRNAs may fall into a similar range (Siflow and Key, 1979) . Both the S'cap and the 3' poly(A) tail have been found to stabilize in vitro-synthesized transcripts electroporated into plant protoplasts (Gallie et al., 1991) . Therefore, these elements may act as general determinants of mRNA stability in plants. However, it is clear that some plant mRNAs decay more rapidly than average despite the presence of a cap and poly(A) tail. The disappearance kinetics of transcripts, such as the phytochrome mRNA following red light treatment in oat (Colbert et al., 1985) and the patatin mRNA following wounding in potato (Logemann et al., 1988) , indicate that plants contain unstable mRNAs that decay with half-lives on the order of minutes. Decay rates of unstable transcripts with half-lives in this range are most commonly measured in mammalian cells following the inhibition of RNA synthesis with a transcriptional inhibitor. Recently, this approach was used to demonstrate that the half-life of the oat phytochrome A (phyA) mRNA is -1 hr in etiolated oat seedlings (Seeley et al., 1992) . Degradation of thephyA mRNA was not accelerated by treatment with red light, indicating that the instability is an inherent property of the mRNA that is independent of light (Seeley et al., 1992) .
Because most eukaryotic transcripts appear to be relatively stable, the selective degradation of highly unstable transcripts is generally considered to be an active process (Hunt, 1988) . In mammalian cells, unstable transcripts with half-lives of less than 30 min often encode proteins involved in regulating cell growth and differentiation such as lymphokines, cytokines, or proto-oncogene products. The instability of these transcripts is one means by which the cell can facilitate the transient production of the corresponding protein (Peltz et ai., 1991) . Many unstable transcripts in mammalian cells contain sequences within their 3'UTRs that are AU rich and contain one or more copies of the motif AUUUA (reviewed in Cleveland and Yen, 1989) . The AU-rich sequences in the GM-CSF (Shaw and Kamen, 1986 ) and c-fos (Shyu et al., 1989) transcripts have been shown to cause mRNA instability when inserted into an otherwise stable transcript (0-globin).
None of the sequences that target transcripts for rapid decay in plants has been reported. However, a good candidate is common to a prominent set of unstable transcripts encoded by the auxin-inducible small auxin-up RNA (SAUR) genes of soybean . Although the exact function of the SAUR proteins is unknown, the temporal and spatial expression characteristics of the SAUR genes are generally correlated with auxininduced cell elongation Gee et al., 1991) . The half-life of the soybean SAUR transcripts has been estimated to be between 10 and 50 min Franco et ai., 1990) . Unlike unstable mammalian transcripts such as GM-CSF, c-myc, and c-fos, the 3'UTRs of SAUR transcripts are not particularly AU rich, and they do not contain multiple AUUUA sequences . Instead, all known SAUR genes contain a nove1 conserved sequence centered -30 to 100 bp downstream from the coding region. This downstream sequence, designated the DST element , is -40 bp long and consists of three highly conserved sequences separated by two variable sequences, as shown in Figure 1 . In addition to the DSTsequences identified in SAUR genes from soybean , mung bean (Yamamoto et al., 1992) , and Arabidopsis (Y. Liu, f? Gil, and I? J. Green, unpublished results), DST-like sequences have also been identified in the 3' UTRs of two auxin-inducible cDNAs from tobacco (van der Zaal et al., 1991) that are unrelated to the SAURs (Figure 1 ). The role of the DST sequence is yet to be resolved, but it has been suggested to control the stability of the soybean SAUR transcripts Franco et al., 1990) .
To investigate directly the function of DST sequences in plants, we established a model system where rates of mRNA decay could be measured in stably transformed cells of tobacco. Using this system, we found that an insert containing two copies of the DST sequence could confer mRNA instability on both P-glucuronidase (GUS) and P-globin reporter 
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A Model System for Measurement of mRNA Half-Lives
To define cis-acting sequences that control the stability of mRNAs in vivo, we sought to dsvelop a reliable method for measuring mRNA half-lives in transformed tobacco cells. An established line of tobacco cultivar Bright Yellow 2 (NT-1) cells (An, 1985) was chosen for this purpose because it can be grown as a homogenous suspension in liquid medium (or on plates) and is easy to manipulate. Moreover, NT-1 cells can be stably transformed with foreign genes via Agrobacterium (An, 1985) . Our experiments were modeled after those in mammalian cells where mRNA decay iates are most routinely assayed in cultured cells following treatment with a transcription inhibitor. As shown in Table 1 , severa1 transcription inhibitors were tested for their ability to inhibit the incorporation of 3H-uridine into poly(A)+ mRNA in NT-1 cells. a-Amanitin (which is known to be an effective inhibitor of RNA polymerase II transcription in isolated nuclei; Cox and Goldberg, 1988) and cordycepin (3'deoxyadenosine, the precursor of a chain-terminating ATP analog) did not have a detectable effect on incorporation in intact cells in these experiments and were not pursued further. Actinomycin D (ActD), which is the most commonly used inhibitor for mRNA stability studies in mammalian cells, was found to effectively inhibit mRNA synthesis in NT-1 cells as well. As was found for Dictyostelium (Chung et al., 1981) , nearly complete inhibition in NT-1 cells requires 10-to 20-fold more ActD than in mammalian cells, perhaps due to differences in uptake. Raising the concentration of ActD to 200 pglmL did not increase the percent inhibition beyond that obtained with 100 pglmL (data not shown). Chloroquine was also somewhat effective in NT-1 cells; however, the effects of chloroquine and ActD were not additive, and maximal inhibition could be achieved with ActD alone (Table 1) . For our initial half-life measurements, NT-1 cells were transformed with aconstruct designated pMON505-70 (Fang et al., 1989 ) that contains reporter genes encoding GUS and chloramphenicol acetyltransferase (CAT), as shown in Figure 2 . CAT and GUS were each expressed under the control of the 35s promoter of cauliflower mosaic virus (35S), and polyadenylation signals were provided by the 3' ends of the pea rbcS-E9 (€9) and rbcS-3C (3C) genes, reapectively (Fluhr et al., 1986; Fang et al., 1989) . Stable transformants were isolated and transferred into liquid medium as described in Methods. For mRNA decay studies, ActD was added to exponentially growing cell lines, and RNA was isolated from samples withdrawn every 30 min for 2.5 hr. As shown in Figure 3 , when gel blots of these RNAs were probed for the CAT-E9 and GUS3C transcripts, both transcripts decayed with apparent first-order kinetics, as described previously for transcripts in other organisms (e.g., Herrick et al., 1990; Savant-Bhonsale and Cleveland, 1992) , and have similar half-lives of -70 to 80 min. In contrast, when the same RNA samples were probed for endogenous transcripts encoding b-ATPase (Boutry and Chua, 1985) ora 70-kD heat shock protein (HSWO) (Wu et al., 1988) , neither transcript decayed appreciably over the 2.5-hr time course and are likely to have half-lives of greater than 4 hr. To assess the reproducibility of the data, a large number of independent half-life experiments were performed on each of two stably transformed lines, as shown in Table 2 . These data showed that the halflives of GUS-3C and CAT-€9 were 80.4 2 10.3 and 68.9 -c 13.1 min, respectively. Although the standard deviation in these determinations was less than 20%, the minimum variation between experiments was observed when the decay rate of GUS-3C was expressed relative to that of CATE9 (1.18 f 0.14). These data suggested that it should be possible to test putative instability sequences for function by inserting them into copies of one of these reporter genes, while using the other as an interna1 reference.
It was also of interest to address whether the decay characteristics of the CAT-€9 and GUS-3C transcripts in NT-1 cells are reflective of what occurs in transgenic plants. For
pMON505-70
Figure 2. Representation of the CAT and GUS Genes Following Integration of pMON505 into the Tobacco Genome.
The plant transformation vector pMON505-70 (Fang et al., 1989) contains CATand GUS genes controlled by copies of the full-size (-940 to +9) 35s promoter (35s). (A) RNA was isolated from samples harvested every 30 min after transcription was inhibited with 100 ng/mL ActD. RNA gel blots containing 10 ng of total RNA per lane were probed for the transcripts indicated at left. (B) Signals from (A) were quantitated using a p-scanning device (Betagen), normalized to the zero time point, and subjected to linear regression analysis. Data is from a single experiment but is representative of the experiments listed in Table 2. these experiments, a transformation vector containing CAT-E9 and GUS-3C genes under the control of the wheat chlorophyll a/b binding protein (Cab-1) promoter (Nagy et al., 1987) was introduced into tobacco and transgenic plants were regenerated. Cab-1 is regulated by an endogenous circadian clock in transgenic tobacco, such that the promoter is activated just before dawn and then shuts off approximately midday (Nagy et al., 1988a) . If the CAT-E9 and GUS-3C transcripts decay with similar half-lives in transgenic plants, as the NT-1 cell experiments predict, then they would be expected to disappear with approximately the same kinetics during the afternoon and evening when produced in transgenic seedlings under Cab-1 control. This is exactly what we observed, and the results are shown in Figure 4 . Because the Cab-1 promoter is relatively weak compared to the 35S promoter used in NT-1 cells, we monitored the transcript levels in transgenic plants using a quantitative S1 nuclease protection assay (Kuhlemeier et al., 1987; Fang et al., 1989) to increase the sensitivity of detection ( Figure 4A ). When the transcript levels from 1200 to 1700 hr were subjected to linear regression analysis (Figures 46 and 4C), both CAT-E9 and GUS-3C transcripts disappeared with apparent half-lives of ~100 min. These values were similar to, but slightly longer than, the absolute half-lives of the CAT-E9 and GUS-3C transcripts measured in NT-1 cells (70 to 80 min). The slight discrepancy may be due to minor differences in overall metabolic rates between the two systems and/or to the Cab-1 promoter not being completely shut off during the period when the disappearance rates were measured (Giuliano et al., 1988; Millar and Kay, 1991) . Nevertheless, the apparent correlation between the NT-1 cell and the transgenic plant data indicates that cultured NT-1 cells should provide an effective and expedient model system to investigate the effect of putative instability determinants such as DST sequences on mRNA stability in plants.
Effect of DST Sequences on mRNA Stability in Tobacco
To test directly the hypothesis that DST sequences can target transcripts for rapid decay in NT-1 cells, we inserted copies (A) RNA was isolated from 2-week-old transgenic tobacco seedlings (T,) grown on kanamycin-containing medium at the indicated times. Forty micrograms of total RNA was hybridized to single-stranded DNA probes corresponding to the 5' regions of GUS and CAT and subjected to 81 nuclease analysis. Protected products corresponding to the GUS and CAT transcripts are indicated to the left of the gel. Positions of the undigested probe (CP, CAT probe; GP, GUS probe) are indicated to the right. WT-SR1 represents RNA isolated from untransformed wildtype SR1 seedlings.
(B) The CAT protection products from (A) were quantitated and normalized to the 900 hr time point. Points from 1200 to 1700 hr were subjected to linear regression analysis. (C) Same as for (B), but the GUS protection products were quantitated.
of a synthetic DST sequence into the 3' UTR of a GUS "test" gene. Each modified GUS gene was inserted into a pMON505 derivative containing an unmodified CAT gene (designated p847 as described in Methods). The unmodified CAT gene on each vector was designed to serve as an internal reference. The basic structure of the final constructs shown in Figure 5 was nearly identical to pMON505-70 (Figure 2 ) used in our pilot studies except that the 3C 3' end was attached to CAT and the £9 3' end was attached to GUS to facilitate cloning. Because many isolated sequence motifs function better when they are multimerized (Herr and Clarke, 1986; Kuhlemeier et al., 1987; Green etal., 1988) , GUS genes containing one (DST x 1) and two copies (DST x 2) of the DST sequence were made. As discussed below, a second set of test genes was made with the human p-globin gene using an unmodified GUS reference gene as the internal standard, as shown in Figure 5 . Each construct was introduced into NT-1 cells and stably transformed cell lines were isolated. To examine the effects of the inserts on mRNA stability, suspension cultures were established from the transformants, and the degradation of the GUS and CAT transcripts was monitored on RNA blots following the inhibition of transcription with ActD as outlined above.
The most marked effects on GUS mRNA stability resulted from the DST x2 insert that caused a rapid degradation of the GUS transcript relative to the no-insert control. A representative set of experiments is shown in Figure 6 . In the transformed cell line expressing the no-insert control, the GAT and the GUS transcripts decayed at approximately the same rate over a 2-hr time course. In contrast, the GUS transcript containing two copies of the synthetic DST sequence (DST x2) was degraded much more rapidly than the CAT reference and the no-insert control. The blot in Figure 6B was overexposed relative to that in Figure 6A because the abundance of the DST x2 transcript is also diminished. From the graphs in Figures 6C and 6D , the half-life values for the GUS transcripts containing no insert and DST x2 were calculated to be 120 and 37 min, respectively. mRNA stability was also assayed in additional cell lines transformed with these and other constructs described below. The results of these measurements are shown in Table 3 and Figure 7 . The decreased stability caused by the DST x2 insert can be seen by comparing the absolute half-life (4.4-fold decrease) or the relative GUS and globin test genes used to investigate the effects of DST inserts, and CAT and GUS reference genes used as internal standards are illustrated. To facilitate their transfer into the tobacco genome in the relative orientations shown, the test and reference genes were cloned into the polylinker and Hpal sites, respectively, of the plant transformation vector pMON505 (Rogers et al., 1987) as described in Methods. Abbreviations and arrow are as given for Figure 2 .
half-life (3.6-fold decrease) of GUS-DST x2 to that of the GUS-no insert control. However, as expected based on our pilot studies with pMON505-70, the relative half-life values in Table 3 showed the least experimental variation because they were normalized to the decay of the internal reference transcripts. That is, experimental variations generally affected the test and reference mRNA half-lives coordinately. Therefore, in most cases, the standard deviation values were lower and more consistent for the relative half-life values than for the absolute half-life values in Table 3 , as they were in Table 2 . For this reason, we have relied more on the relative half-life values, which are summarized in Figure 7A . The 3.6-fold decrease in mRNA stability caused by the DST x2 insert cannot simply be explained by the increased size of the UTR in the Gt/S-DST x2 transcript. As shown in Figure   7A , insertion of two copies (spacer x2) of a polylinker sequence, the same size as the DST sequence, into the GUS 3' UTR had little effect (1.3-fold) on the stability of the mRNA. Compared to the marked decrease in stability caused by the DST x2 insert, the effect of one copy of the DST element was modest and not significantly different from the spacer x1 and spacer x2 controls. To examine whether any of the inserts altered the sites of polyadenylation, the sizes of the GUS test transcripts from each of the constructs in Figure 7A were compared using RNA gel blots. The results showed that all test transcripts were of the expected size (data not shown). In addition, S1 nuclease protection analysis, as shown in Figure  8 , indicated that the 3' ends of the test transcripts were identical and corresponded to the well-characterized polyadenylation sites of the rbcS-E9 gene (Ruhr et al., 1986; Mogen et al., 1992) .
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w^ !*rci !r ^^B Table 3 and Figure 7 . The blot in (B) was overexposed to allow the GUS-DST x2 transcript, which was present in reduced amounts, to be visualized. These data indicate that the decreases in mRNA stability caused by DST sequences in tobacco can be attributed to direct effects of the elements, not indirect effects caused by aberrant polyadenylation.
The effects of the DST and spacer inserts on mRNA stability in tobacco cells were also investigated within the context of a P-globin test transcript using an unmodified GUS gene as the reference (Figure 5) Table 3 for each construct.
-GUS 3'
this element in transgenic tobacco plants. To this end, we compared the transcript levels in transgenic plants transformed with the globin-no insert, DST x2, and spacer x2 constructs. In each case, 9 to 14 plants were analyzed and data from two representative plants per construct are shown in Figure 9 . As expected, the globin-DST x2 transcript was the same size as the globin-spacer x2 transcript, and both were slightly larger than the globin transcript containing no insert. A clear effect of the DST x2 insert on the abundance of the globin test transcript was also visible. When the transcripts were quantitated and normalized for the GUS reference transcript present in each plant, there was little difference between the accumulation of globin-no insert and globin-spacer x2. In contrast, the level of the globin-DST x2 transcript was ~7.5-fold lower. These data are quite consistent with the effects of the DST x2 (4.8-fold) and spacer x2 (1.1-fold) inserts on globin mRNA decay rates in transformed tobacco cell lines ( Figure 7B ). Thus, it is highly likely that DST sequences are recognized as mRNA instability determinants in normally growing plants, as they are in cultured cells. A 690-base single-stranded probe from the 3' end of the rbcS-E9 gene (Fang et al., 1989 ) was annealed to RNA samples isolated from cell lines expressing each of the GUS test constructs and digested with S1 nuclease as described in Methods. The protection products corresponding to the expected 3' ends of GUS transcripts (230 to 249 nucleotides) are indicated by the bracket (GUS 3'). The expected protection products (89 nucleotides) from the GAT" 3'end are also indicated (CAT 3'). P indicates the position of the undigested probe. WT NT-1 represents RNA from untransformed wild-type NT-1 cells.
DISCUSSION
ments were made for independent stably transformed cell lines and the results are shown in Table 3 and Figure 7B . For each of the inserts, the effects on globin mRNA stability paralleled those obtained with the GUS test genes discussed above. Insertion of two copies of the DST sequence destabilized the globin transcript by 4.8-fold relative to the no-insert control. The decrease in stability caused by the DST x1 insert was relatively modest (1.5-fold) and only slightly greater than the spacer x1 (1.3-fold) and spacer x2 (1.1-fold) inserts. The marked destabilizing effect of the DST x2 insert in transformed tobacco cell lines prompted us to test the function of
Measurement of mRNA Decay Rates
In this study, we described a model system for the direct measurement of mRNA decay rates in stably transformed cells of tobacco. This system allowed us to demonstrate that a dimer of the DST sequence could act as a potent determinant of mRNA instability. For these analyses, we employed a test gene/reference gene approach much like those used to normalize for position effects when transcript levels are compared
"^TW^V'^^ff 1 Figure 9 . Reduced Globin mRNA Accumulation Caused by DST Sequences in Transgenic Plants.
Constructs containing the GUS reference (REF) gene and either the globin-no insert, globin-DST x2, or the globin-spacer x2 test gene were introduced into tobacco leaf discs via Agrobacterium and transgenic plants were regenerated. RNA samples from the leaves of nine to 14 independent transgenic plants per construct were analyzed, and results from two representative plants for each construct are shown. Gel blots of 10 ng of RNA per lane were hybridized with GUS, and globin probes and the signals were quantitated using a Phosphorlmager.
in transgenic plants (Kuhlemeier et al., 1987; Fang et al., 1989) . Position effects do not appear to be a major consideration for half-life measurements because our data and that from other systems indicate that mRNA decay is first order and therefore is independent of initial mRNA concentration. Nevertheless, the use of a reference transcript as an interna1 standard proved to be the most effective strategy to normalize for cell line-tocell line variations that may occur due to minor differences in growth rate, etc. Nearly identical results were obtained with the GUS and the globin constructs even though different reference genes were used for each series. This emphasizes the reliability of the reference gene system and indicates that the behavior of the sequences that we tested was independent of the adjacent coding region. The model system utilized in this study should allow the decay rates of a variety of endogenous and engineered transcripts to be assayed in NT-1 cells. In particular, this system is well suited for measuring the decay rates of short-lived mRNAs because the strong 35s promoter can be used to enhance mRNA synthesis, there is no tissue limitation, and it is convenient to isolate multiple samples over a relatively short period of time. Conversely, the system is less optimal for measuring the decay rates of long-lived mRNAs because this would require prolonged incubation with ActD, which can slow or stop mRNA decay at later time points (Shyu et al., 1989 ; T. C.
Newman and P. J. Green, unpublished results) . Pulse-chase methods are a good alternative for measuring long mRNA halflives (Brock and Shapiro, 1983) but are problematic for short half-lives because precursor pools make it difficult to achieve a rapid chase (Siflow and Key, 1979) . Approaches that facilitate the analysis of short-lived mRNAs may be particularly useful in plant biology because plants are known to exhibit many rapid changes in gene expression in response to various stimuli (e.g., Theologis, 1986; Logemann et al., 1988; Thompson and White, 1991) . If a given mRNA had a half-life of severa1 hours, it would be difficult to rapidly shut down synthesis of the corresponding protein by simply repressing transcription. However, if the mRNA were very short-lived, decreases (and increases) in transcript levels could be achieved rapidly.
It was reassuring to see that the decay kinetics of CAT and GUS mRNAs in NT-1 cells were consistent with the disappearance rate of these transcripts under control of the Cab-7 promoter in plants. In theory, the Cab-7 promoter system might provide a general means to directly measure mRNA decay rates in transgenic plants, after the midday shutdown of transcription. However, the Cab-7 promoter is relatively weak and this may limit its utility in practice, particularly when combined with genes encoding very unstable transcripts. In our studies, nuclease protection assays were required to achieve maximal detection of CATand GUS transcripts during the afternoon and evening, and the use of highly unstable transcripts would be expected to further exacerbate the situation. Moreover, the use of nuclease protection assays does not allow the full-length mRNA to be monitored, which may be a disadvantage for mRNA decay studies. Perhaps this problem could be overcome by using extremely stable reporter transcripts that do not crosshybridize with endogenous plant mRNAs. It is also possible that, in its present state, the system could be used to test putative stabilizing sequences because these would be expected to slow the disappearance of a GUS test transcript relative to an unmodified CAT reference mRNA.
DST Sequences as Determinants of mRNA lnstability
In this report, we show that the insertion of DST sequences into the 3' UTR was sufficient to destabilize both the GUS and the globin transcripts in tobacco. The absolute half-lives measured for GUS and globin transcripts containing the DST x 2 inserts (32 & 9 and 33 +: 2 min, respectively) were similar to those measured by Guilfoyle and coworkers for a mixture of SAUR mRNAs in elongating soybean hypocotyl segments (Franco et al., 1990) . To achieve this marked destabilization of the GUS and globin transcripts, the presence of two DST sequences was required, although the SAUR genes contain only a single copy of the element in their 3' UTRs. In this respect, our experiments parallel transcription studies in which it is not unusual to find that multiple copies of a single regulatory element are necessary for maximal function in a foreign or altered context. For example, in transgenic plants, multiple copies of box II from the pea rbcS-34 gene are required to confer light regulatory properties on derivatives of a plant vira1 promoter (Kuhlemeier et al., 1987; Lam and Chua, 1990 ) even though 5' deletion derivatives of the rbcS-W gene are light regulated with only one copy of box II present (Kuhlemeier et al., 1987) . Within the simian virus 40 core enhancer, the duplication of one domain of the sequence can compensate for loss of another (Herr and Clarke, 1986) . In a similar manner, the requirement for two DST sequences may indicate that other sequences in addition to DST contribute to the instability of the SAUR transcripts. Transcripts with multiple instability determinants have been identified in yeast (Peltz and Jacobson, 1993) and mammalian (Peltz et al., 1991) systems. Alternatively, the limited effect of one copy of the DST sequence within the chimeric constructs could be related to its position relative to the poly(A) addition site, which is likely to differ from that in the SAUR genes. The 3'ends of the five soybean SAUR transcripts have not been reported, but poly(A) addition sites of the Arabidopsis SAURAC7 and mung bean ARG7 transcripts were recently identified 10 bases (P. Gil and P. J. Green, unpublished results) and 87 bases (van der Zaal et al., 1991) downstream of the DST sequences, respectively. In our chimeric genes, the DST sequences were inserted -250 bp upstream of the poly(A) addition site to avoid disrupting polyadenylation. Polyadenylation signals are known to be more extensive in plants than in mammalian cells, and in the rbcS-E9 3'end used in our constructs, are known to extend to -140 bp upstream of the sites of polyadenylation (Mogen et al., 1990) .
Although the measurement of mRNA stability following transcription inhibition is wide spread in mammalian systems, these approaches can lead to an overestimation of mRNA half-lives in some cases..Whether or not this occurs is dependent on the specific mRNA instability determinant that is involved.
A well-studied example is the 3' AU-rich (ARE) instability determinant of c-fos mRNA. The half-life of a globin transcript containing this element is -40 min in the absence of ActD and greater than or equal to 110 min in the presence of the inhibitor (Shyu et al., 1989 ). Thus, it is possible that the ARE requires ongoing transcription for maximal function. In contrast, ActD has little effect on the instability determinant within the coding region of the c-fos mRNA (Shyu et al., 1989) . It has been suggested that transcriptional inhibition may dampen the degradation rate of several transcripts in plants (Fritz et al., 1991; Seeley et al., 1992) , including the SAURs (Franco et al., 1990) . However, in the case of the SAURs, this suggestion was based on a comparison of half-lives measured in experiments involving other variables in addition to the presente and absence of ActD Franco et al., 1990) . The DST x2 element is clearly an active instability determinant when assayed following ActD treatment. At present we cannot rule out a modest dampening effect of ActD because we observed a somewhat greater effect of DST x2 in transgenic plants which were not exposed to the inhibitor. Nevertheless, the correlation between plants and NT-1 cells is quite good considering the obvious physiological differences between the two systems.
All seven SAUR genes identified to date have been found to contain DST sequences in their 3'UTRs (Figure 1 ). Although six of the genes originate from leguminous plants, the presente of a DST sequence in a SAUR gene from a rather distantly related species, Arabidopsis, argues that the element is highly conserved among SAUR genes in many higher plants. The two tobacco transcripts listed in Figure 1 that are unrelated to the SAURs also contain DST sequences, but these are not as well conserved (Figure 1) . In all cases, however, the sequences TAGAT in the central region and GTA in the 3' region of the DST element are invariant. Additional functional studies will be required to test the relative importance of the conserved regions and their spacing. Taken together, the sequence conservation shown in Figure 1 and the instability function attributed to DST sequences in this report suggest that recognition of DST sequences is one mechanism targeting the SAUR transcripts for rapid decay. Clearly, mutagenesis of the elements within natural SAUR genes will be necessary to test this hypothesis.
One property that all of the DST-containing transcripts in Figure 1 have in common is that they are induced by the plant hormone auxin van der Zaal et al., 1991) .
For several of the SAUR genes, the effect of auxin has been shown to be mediated at least in part at the leve1 of transcription (Franco et al., 1990) . Although these observations do not eliminate the possibility that auxin also acts to stabilize the mRNAs, direct evidence for such a model is lacking. We have not been able to detect specific stabilization of DST-containing transcripts following treatment of tobacco cells with the synthetic auxin 2,4-D (M. OhmeTakagi and P. J. Green, unpublished results) . Thus, if DST sequences function to destabilize the.SAUR transcripts in higher plants, they may do so constitutively, to facilitate rapid adjustments in gene expression in response to changes in auxin levels or auxin sensitivities.
In any event, the identification of cis-acting sequences that are selectively recognized by a plant's mRNA degradation machinery is an important first step toward elucidating mRNA decay pathways in plants. Using the DST x2 instability determinant identified in this report, it should now be possible to identify RNA binding proteins or ribonucleases that specifically recognize this element, similar to what has been done in mammalian, bacterial, and chloroplast systems (Belasco and Higgins, 1988; Stern et al., 1989; Peltz et al., 1991) . These studies, together with further analysis of DST function in vivo, should provide fundamental information about the mechanisms targeting transcripts for rapid degradation in higher plants.
METHODS
Plant Materials, Growth, and Transformation
NT.1 Cells
Untransformed Nicotiana tabacum cv Bright Yellow 2 (NT-1) cells (An, 1985) were grown at 28OC on a rotary shaker (150 rpm) in NT medium (MS salts [Sigma] , 30 g/L sucrose, 3 pM thiamine, 056 mM myoinositol, 1.3 mM KH2P04, 1 pM 2,443, buffered with 2.5 mM P[N-morpholino]ethanesulfonic acid [Mes], pH 5.7), and were subcultured using 5% inoculum every 7 days. To facilitate transformation, constructs were introduced into Agmbacterium tumefaciens GV3111SE or LBA4404 by triparental mating (Fraley et al., 1985) or by electroporation under conditions recommended by the manufacturer (Bio-Rad; 25 pF, 2.5 kV, 200 a). Agrobacterium strains containing the construct of interest were used to transform NT-1 cells as described previously (An, 1985) with minor modifications. Briefly, 3 days after subculture, acetosyringone was added to the NT-1 culture to a final concentration of 20 yM, and the cells were abraded by repeated pipeting (~3 0 times in a 10-mL pipette). Four milliliters of cells was cocultivated with 75 to 100 pL of Agrobacterium for 3 days. The cells were washed three to four times in 50 mLof NTC (NT medium containing 500 pg/mL carbenicillin), followed by sedimentation at 2009 for 4 min to remove the Agrobacterium. Following resuspension in 5 to 7 mL of NTC, cells were plated on 2-3 NTKC (NT medium containing 100 pglmL kanamycin and 500 i.tg/mL carbenicillin) plates solidified with 0.7% phytagar (GIBCO/BRL; Gaithersburg, MD). After 3 to 4 weeks, individual transformed calli were transferred to fresh plates or to liquid NTKC and cultured at 28OC. Transformed lines were screened for expression of the reporter genes by ELISA (for chloramphenicol acetyltransferase [CAT] expression; 5 Prime-3 Prime; Boulder, CO) or enzymatic assay (0-glucuronidase (GUS]; Jefferson et al., 1986) and subsequently by RNA gel blotting.
Transgenic Tobacco Plants
N. tabacum SR-1 plants used for transformation were grown axenically on MS media (MS salts [Sigma] , 30 g/L sucrose, 0.56 mM myoinositol, buffered to pH 5.7 with 2.5 mM Mes, plus 0.8% phytagar). Leaves from these plants were transferred to No. 3 medium (MS salts, 30 glL sucrose, 1.2 pM thiamine, 0.56 mM myoinositol 1 pM indole-3-acetic acid, 10 pM benzylaminopurine, buffered to pH 5.6with 2.5 mM Mes, plus 0.65% phytagar) and infected with desired Agrobacterium strains using syringe needles. After 3 to 4 days, the leaves were transferred to No. 3 medium, containing 200 pglmL kanamycin and 500 pg1mL carbenicillin. Emerging shoots were transferred to MS medilrm containing 100 pglmL kanamycin and 500 pglmL carbenicillin to induce rooting. Plantlets testing positive for expression of CAT or GUS reference genes were transferred to soil and grown under conditions of 16-hr light/8-hr dark at 27% and 75% humidity. For analysis of steady state RNA levels (Figure 9 ), plants were grown to the 10-to 144eaf stage, and a fully expanded leaf from the third pair from the apex was harvested and frozen in liquid nitrogen prior to extraction of RNA. For the chlorophyll a/b binding protein (Cab-7) promoter time course experiments (Figure 4) , transgenic TI seed were surface sterilized and plated on MS medium containing 100 pglmL kanamycin and 500 pglmL carbenicillin at a density of 50 to 70 seeds per plate. Seedlings were grown under conditions of 16-hr light (26OC) and 8-hr dark (23OC), and the time course experiments were performed 17 to 18 days after plating. At each time point, seedlings from one plate were harvested and frozen in liquid nitrogen.
Gene Constructions pMON505-70, containing CAT-€9 and GUS-3C genes under the control of the 35s promoter (-940 to +9), has been described previously (Fang et al., 1989) . A pMON505 (Rogers et al., 1987) derivative containing CAT-€9 and GUS-3C genes under control of the full Cab-7 promoter (-4000 to +31; Nagy et al., 1987) was constructed by insertion of Cab-I-CAT-€9 and Cab-I-GUS-3C genes into the Smal site and into the polylinker (between the Sacl and Clal sites), respectively. This construct was designated p844. All other constructs for expression in NT-1 cells and transgenic plants were made from derivatives of pMON505 containing either a 35s-CAT-3C or 35s-GUS-3C reference gene (designated p847 and p851, respectively) inserted into the Hpal site of pMON505 oriented toward the right border. Test genes were constructed in pBluescript SKII+ (Stratagene) or pUC (New England Biolabs, Beverly, MA) intermediate vectors that had the following cassette structure: Sacl-35S-Bglll-Xbal-GUS(or P-globin)-BamHI-€S-Clal. All putative instability determinants and control sequences were inserted into the unique BamHl site in the 3' untranslated region (UTR) -250 bp upstream of the €9 poly(A) sites (Fang et ai., 1989) . Each test gene was moved into the appropriate pMON505 derivative (p847 for GUS and p851 for globin test genes, respectively) as a Sacl-Clal fragment that was inserted between the corresponding sites of the polylinker.
The human P-globin coding region was derived from pSP6pc (Lang and Spritz, 1987) and comprised sequences from the Ncol site at the ATG to the Msel site 30 bp downstream of the stop codon. Before construction of the globin test gene, the BamHl site within the P-globin coding region was filled in and a Sphl linker (GGCATGCC) was inserted to restore the proper reading frame. The DST sequence used in this study was identical to that of the soybean SAUR-754 gene and was synthesized as follows: AGATCTAG-GAGACTGACATAG ATTGG AGG AG ACATTTTGTATAATAGGATCC. The first and last six base pairs consisted of Bglll and BamHl sites, respectively, to facilitate cloning in the orientation shown, into the BamHl site in the 3' UTRs of the test genes. The following polylinker sequence was used as the spacer control: GGATCCGATCTAGAGTCGACCTG-CAGGCATGCA A G C A AG ATCT.
RNA Manipulations
RNA lsolation
In most cases, RNA was isolated from 2 to 5 g of NT-1 cells or transgenic plant tissue ground in liquid nitrogen by a modification of the method of Puissant and Houdebine (1990): ground, frozen tissue was resuspended in 5 mL of GTC buffer (4 M guanidinium thiocyanate, 25 mM sodium citrate, 0.5% sarkosyl, and 0.1 M P-mercaptoethanol). One-half milliliter of 2 M sodium acetate, pH 4, 5 mL of phenol, and 1 mL of chloroform were added sequentially, followed by vortexing. Samples were centrifuged at l0,OOOgfor 10 min, and RNAwas precipitated from the aqueous phase with 5 mL of isopropanol. Following sedimentation for 10 min at lO,OOOg, pellets were resuspended in 1.5 mL of 4 M lithium chloride, and RNA was sedimented for 10 min in a microcentrifuge. After a second lithium chloride precipitation, pellets were resuspended in 0.75 mL of 0.5% SDS, 10 mM Tris-HCI, pH 7.5, 1 mM EDTA, extracted with an equal volume of chloroformlisoamyl alcohol(24:l) and precipitated with 0.2 M sodium acetate, pH 5, and 0.6 mL isopropanol. For some of the initial half-life measurements and for the Cab-7 promoter time course, RNAwas isolated according to the method of Nagy et al. (196813) . Both RNA isolation methods yielded equivalent results.
RNA Gel Blot Analysls
RNA samples were separated by electrophoresis on 2% formaldehyde/l% agarose gels run in 1 x Mops buffer (20 mM 3-[N-morpholino]propanesulfonic acid, 5 mM sodium acetate, 1 mM EDTA, pH 7.0) and transferred to Biotrace HP membrane (Gelman, Ann Arbor, MI). RNA gel blots were prehybridized and hybridized as described previously (Taylor and Green, 1991) . Probes spanning the coding regions of the CAZ GUS, and globin transcripts were isolated from the intermediate cassette vectors described above as Xbal (or Bglllf-BamHI fragments and were labeled with phosphorus-32 by random priming. Because of the small size of the globin transcripts, blots from globin constructs were probed with globin and quantitated, as described bel o~, before probing with GUS to minimize background. The heat shock protein 70 probe was the 4.8-kb EcoRl fragment of pHSP4.8 (Wu et ai., 1988) . The P-ATPase probe corresponded to a 15-kb Ncol-Sal1 fragment covering 93% of the cDNA of the AtpZ-7 gene of N. plumbaginifoia (Boutry and Chua, 1985) .
Half-Life Determination
Half-life determinations were performed on stably transformed NT-1 cell lines 3 to 4 days after subculture. Actinomycin D (ActD) was added to the cultures to a final concentration of 100 pglmL, and 1 0 " samples were removed from the culture every 30 min for 2 to 2.5 hr. Each sample was immediately sedimented at 7009 for 1 min and frozen in liquid nitrogen. Following analysis of the RNA on RNA gel blots as described above, signals were quantitated using a Betascope (Betagen, Waltham, MA) or Phosphorlmager (Molecular Dynamics, Sunnyvale, CA). Data analyzed on both instruments yielded identical results. The values for each time course were subjected to linear regsion analysis using SigmaPlot (Jandel Scientific, Corte Madera, CA) to calculate mRNA half-lives.
S1 Nuclease Protection ACKNOWLEDGMENTS
To map the 3' ends of test transcripts, S1 nuclease protection analyses were performed using a 690-base, single-stranded, end-labeled probe from the rbcS-€9 gene, essentially as described by Fang et al. (1989) except that the annealing reaction contained 70% formamide. These experiments were designed to be qualitative rather than quantitative. For this reason, the amount of RNA for each sample was adjusted to allow signals of approximately equal intensity to be compared. The amounts of RNA used are as follows: no-insert, 10 pg; DST x l , 20 pg; spacer xl, 10 pg; spacer x2,40 pg; DST x2,40 pg. To bring the total amount of RNA to 40 pg for all S1 reactions, 30 pg, 20 pg, and 30 pg of RNA from untransformed NT-1 cells were added to the no-insert, DST xl, and spacer x l samples, respectively. The rbcSE9 probe used in these experiments also detects a signal from the reference gene due to its homology to the rbcS-3C 3' end (Fang et al., 1989) . As expected based on Figure 6 and Table 3 , the ratio of the test and reference signals is lower for the DST x2 sample than for the other samples in Figure 8 . For monitoring the Cab-7 promoter time course, single-stranded confluently labeled DNA probes were prepared that covered the 5' end of the CATor the GUS coding regions. Specifically, the CATprobe was 258 bases long and protected 181 bases of the CATtranscript (corresponding nucleotide positions 413 to 575 of the CAT gene [Hadfield et al., 19861 plus 16 bases of the 5' UTR located between this sequence and the Xbal site). The GUS probe was 190 bases long and protected 117 bases of the GUS transcript (corresponding to nucleotide positions 292 to 389 of the Escherichia coli uidA gene [Jefferson et al., 19861 plus 16 bases of the 5'UTR located between this sequence and the Xbal site). Nonprotected sequences in both the C4Tand GUS probes corresponded to pBlueScript SKII+ sequences between the -20 M13 priming site and the Hindll site. S1 nuclease protection experiments were performed as described abwe using 40 pg of RNA from the Cab-7 time course samples and 50,000 cpm of each probe (labeled as described by Nagy et al., 1987) .
3H-Uridine lncorporation
Transcriptional inhibitors were added, at the concentrations indicated in Table 1 , to 35 mL of NT-1 cells (3 days after subculture) and incubated with shaking at 28OC for 30 min. A total of 100 pCi of 3H-uridine (51 Cilmmol) was then added, and incubation was continued for 2 hr. Cells were sedimented for 3 min at 30009 and resuspended in four packed cell volumes of 2 mM aurin tricarboxylic acid. Cells were broken by 3 sec of sonication (Heat Systems Ultrasonics, Farmingdale, NY), an equal volume of 2x extraction buffer (600 mM NaCI, 100 mM Tris-HCI, pH 8, 10 mM EDTA, 4% SDS, 20 mM p-mercaptoethanol) was immediately added, and RNA was prepared as described by Nagy et al. (1988b) . Poly(A)+ RNA was selected from 200 pg of total RNA on columns containing 100 mg of oligo(dT)-cellulose, trichloroacetic acid precipitated onto glass fiber filters and quantitated using a scintillation counter. The percent inhibition of RNAsynthesis was calculated relative to untreated controls. ActD was added from a 5-mglmL stock solution prepared in 80% ethanol. Control experiments performed with an equivalent volume of ethanol showed no inhibition of incorporation into poly(A)+ RNA (data not shown).
